The contractile system of nonmuscle cells consists of interconnected actomyosin networks and bundles anchored to focal adhesions. The initiation of the contractile system assembly is poorly understood structurally and mechanistically, whereas system's maturation heavily depends on nonmuscle myosin II (NMII). Using platinum replica electron microscopy in combination with fluorescence microscopy, we characterized the structural mechanisms of the contractile system assembly and roles of NMII at early stages of this process. We show that inhibition of NMII by a specific inhibitor, blebbistatin, in addition to known effects, such as disassembly of stress fibers and mature focal adhesions, also causes transformation of lamellipodia into unattached ruffles, loss of immature focal complexes, loss of cytoskeleton-associated NMII filaments and peripheral accumulation of activated, but unpolymerized NMII. After blebbistatin washout, assembly of the contractile system begins with quick and coordinated recovery of lamellipodia and focal complexes that occurs before reappearance of NMII bipolar filaments. The initial formation of focal complexes and subsequent assembly of NMII filaments preferentially occurred in association with filopodial bundles and concave actin bundles formed by filopodial roots at the lamellipodial base. Over time, accumulating NMII filaments help to transform the precursor structures, focal complexes and associated thin bundles, into stress fibers and mature focal adhesions. However, semi-sarcomeric organization of stress fibers develops at much slower rate. Together, our data suggest that activation of NMII motor activity by light chain phosphorylation occurs at the cell edge and is uncoupled from NMII assembly into bipolar filaments. We propose that activated, but unpolymerized NMII initiates focal complexes, thus providing traction for lamellipodial protrusion. Subsequently, the mechanical resistance of focal complexes activates a load-dependent mechanism of NMII polymerization in association with attached bundles, leading to assembly of stress fibers and maturation of focal adhesions.
Introduction
Myosin II-dependent contraction is a universal cellular mechanism to generate pulling force through mutual sliding of actin and myosin II filaments. The cellular contractile machinery has highly ordered and stable sarcomeric organization in striated muscle [1] , but is more dynamic and less orderly organized in nonmuscle cells [2, 3, 4] . The nonmuscle contractile system plays important roles in cell motility, cytokinesis, cell shape determination, cell-matrix and cell-cell junction formation and also serves as a template for assembly of sarcomeric organization in striated muscles [5] .
Myosin II, a central player during cell contraction, is an actindependent molecular motor moving toward the plus (barbed) end of the actin filament. The hexameric myosin II molecule consists of two heavy chains containing a motor domain and dimerizing through coiled-coil tails and two pairs of light chains, essential and regulatory. Myosin II is the only member of the myosin superfamily that can assemble into bipolar filaments with motor domains positioned at both ends of the filament. When presented to actin filaments of opposite polarity, bipolar filaments cause contraction. Assembly into bipolar filaments is considered necessary for myosin II functions. Because of the presence of multiple actin-binding sites, myosin II filaments also function as cross-linkers. As compared to very long (, 2 mm) bipolar filaments formed by skeletal muscle myosin II, nonmuscle myosin II (NMII) forms similar, but shorter (, 0.3 mm) bipolar filaments. NMII is regulated primarily by phosphorylation of two conserved residues, Ser19 and Thr18, in the myosin regulatory light chain (MRLC) [6] . In the nonphosphorylated state, NMII molecules acquire a folded 10S conformation, in which they lack the ATPase, actinbinding, and polymerization activities. Phosphorylation of Ser19 unfolds the NMII molecule into extended 6S conformation and is sufficient for restoration of all these activities, but additional phosphorylation of Thr18 enhances activation [6, 7] . The bipolar filament assembly, but not motor activity, of NMII is also regulated at the NMII heavy chain level by inhibitory phosphorylation or binding of regulatory proteins, such as S100A4/Mts1 [8] .
Migration of nonmuscle cells is a cycle of protrusion, adhesion, and contraction of the cell. While leading edge protrusion is driven by polymerization of actin filaments [9] , contractile forces generated by NMII filaments are most evidently involved in the retraction of the cell rear and maturation of adhesion sites [2, 3, 4] . The contractile system of a nonmuscle cell consists of interconnected actin-NMII networks and bundles associated with specialized adhesion sites, such as focal adhesions [4] . Focal adhesions are initiated within lamellipodia as very dynamic nascent adhesions [10] , become partly stabilized forming dot-like focal complexes at the lamellipodial base [11] , and then grow, elongate, and become further stabilized producing elongated mature focal adhesions. Maturation is a force-dependent process [12] requiring the motor activity of NMII [13] or external force [14] . In contrast, nascent adhesions are formed under lamellipodia in an NMII-independent manner, whereas their transition to focal complexes requires only the cross-linking, but not motor activity of NMII [10] , as well as retrograde flow of the overlaying lamellipodial network [15, 16] .
In contrast to relatively well investigated pathways of initiation and maturation of focal adhesions, the structure and remodeling of newly formed actin-NMII assemblies are poorly understood. The nascent stress fibers were proposed to form in lamella from actin-NMII clusters [17, 18] , or using filopodial bundles as seeds [19, 20] , or through intermediate formation of transverse arc-shaped bundles formed by endwise association of two distinct sets of short actin bundles [21, 22] . However, because these models are commonly derived from light microscopic analyses that do not resolve individual filaments, the structural relationship between forming adhesions and nascent actin-NMII arrays in these non-exclusive scenarios remain uncharacterized at high resolution.
We aimed to address the above question by applying platinum replica electron microscopy (EM) to nonmuscle cells acutely reforming their contractile system after its complete disassembly. Inhibition of NMII that causes disassembly of stress fibers and focal adhesions [2, 3, 4] appeared as a suitable way to achieve this goal. Among available inhibitory approaches, only drug treatment, but not RNAi or gene knockout, is compatible with the acute recovery experiments. Many of commonly used drugs inhibit NMII by targeting an individual MRLC kinase, but may leave other MRLC kinases active. Therefore, a direct NMII inhibitor blebbistatin [23] , is the best choice for this purpose. Blebbistatin inhibits the NMII motor activity by slowing down the phosphate release after ATP hydrolysis, thus blocking NMII in a weak actinbinding state [24] . Among tested myosins, blebbistatin strongly inhibits NMII and striated muscle myosin II isoforms, but does not inhibit several unconventional myosins and has a much weaker and species-specific activity against smooth muscle myosin II [23] . Therefore, in nonmuscle cells NMII is currently considered to be the major target of blebbistatin.
In this study, we completely disassembled the contractile system in spreading REF52 cells by blebbistatin treatment and then induced its acute recovery by washing out the drug. Using platinum replica EM correlated with light microscopic visualization of focal adhesions and focal complexes in the same cells, we characterized the cytoskeletal organization of the contractile system during early stages of the contractile system formation. Unexpectedly, in the course of this study we have found that blebbistatin treatment also inhibits attachment and productive protrusion of lamellipodia, whereas recovery of these structures appears to depend on activity of non-polymerized NMII molecules.
Results
We used REF52 fibroblasts, because we have previously characterized their NMII-containing contractile apparatus by light and EM [18, 25] .
In preliminary experiments, we tested a range of blebbistatin concentrations to determine a minimal concentration causing complete disassembly of stress fibers. Blebbistatin was originally reported to inhibit cytokinesis as a 100 mM mixture of active (2) and inactive (+) enantiomers [23] . Subsequent studies predominantly used 100 mM pure (2)-blebbistatin, as it allows to achieve more complete NMII inhibition without adverse effects [19, 26, 27, 28, 29, 30, 31, 32, 33, 34] . We also found that whereas a subset of stress fibers persisted in the cell interior after treatment with 50 mM [35] or 75 mM blebbistatin ( Figure S1 ), 100 mM blebbistatin virtually completely eliminated stress fibers in spreading REF52 cells (Figure 1) . Therefore, here we primarily used 100 mM (2)-blebbistatin, but also made some comparisons to the effects of 75 mM blebbistatin. To control for specificity of blebbistatin effects, we used equivalent concentrations of inactive (+)-blebbistatin and DMSO in parallel samples. In all cases, cells treated with control compounds were indistinguishable from untreated cells indicating that the observed effects were specific ( Figure S2A) . In subsequent sections, we first characterize the effects of blebbistatin treatment, and then how cells recover after blebbistatin washout.
NMII Functions are Required for the Formation of Lamellipodia and Focal Complexes
Examination of the cell surface topography by platinum replica EM of nonextracted cells ( Figure 1A ) revealed that control cells had flat attached lamellipodia at the cell periphery. However, many ruffles appeared at cell edges after treatment with 75 mM blebbistatin ( Figure S1A ), whereas treatment with 100 mM blebbistatin caused severe cell retraction and formation of multiple ruffles and filopodia on the entire dorsal surface ( Figure 1B) . These results suggest that NMII inhibition compromises adhesion of lamellipodia. Consistent with these results, phalloidin staining showed that flat lamellipodia in control cells occupied most of the cell perimeter, while ruffles were rare ( Figure 1C , E, and F). Treatment with 100 mM blebbistatin drastically shifted this balance from lamellipodia to ruffles and caused significant cell retraction ( Figure 1D , E, and G), whereas 75 mM blebbistatin had similar, but less prominent effects (Figure S1B-E). As expected, blebbistatin also caused disassembly of stress fibers, which was incomplete in cells treated with 75 mM blebbistatin ( Figure S1 ), but very extensive after treatment with 100 mM blebbistatin ( Figure 1D and G). Inhibition of lamellipodia by the drug was especially clearly seen after immunostaining of a-actinin ( Figure 1C and D). In control cells, a-actinin was abundant in focal adhesions, lamellipodia, and stress fibers, where it formed a striated pattern, as in other nonmuscle cells [36] . After treatment with 75 mM blebbistatin, a-actinin staining in lamellipodia remained very distinct ( Figure S1B ), but it virtually disappeared after treatment with 100 mM blebbistatin except for a few ruffles at the tips of extended processes ( Figure 1D ). Staining of a-actinin in stress fibers and focal adhesions was greatly diminished at both blebbistatin concentrations.
Distribution of focal adhesions in control and blebbistatintreated cells was evaluated by immunostaining of vinculin ( Figure 1F and G), a focal adhesion marker [37] . Control cells contained mature elongated focal adhesions at the tips of stress fibers and dot-like focal complexes located primarily at the cell periphery ( Figure 1F ). After treatment with 75 mM blebbistatin, mature focal adhesions disappeared, but focal complexes remained abundant, especially at the base of lamellipodia ( Figure S1C ), as reported in other studies [3, 10, 35, 38, 39, 40, 41] . However, treatment with 100 mM blebbistatin dramatically decreased the abundance and brightness of focal complexes ( Figure 1G ). The remaining weak vinculin puncta could be detected at the tips of adherent processes only after removal of the cytosolic pool of vinculin by detergent extraction. The dramatic loss of focal adhesions and focal complexes after treatment with 100 mM blebbistatin led to very poor cell-to-substrate adherence, as evidenced by massive detachment of cells during culture and handling. Thus, deep inhibition of NMII by 100 mM blebbistatin inhibited focal complexes and lamellipodia, whereas a low level of NMII activity presumably remaining after treatment with 75 mM blebbistatin was sufficient to preserve focal complexes and support productive lamellipodial protrusion.
Redistribution of NMII after Blebbistatin Treatment
Immunofluorescence staining of NMII in control cells, either directly fixed (Figure 2A ) or pre-extracted with a detergent (Figure 2C ), showed a striated pattern in stress fibers and scattered puncta in the lamella, as reported previously [18] . After treatment with 100 mM blebbistatin ( Figure 2B ), the NMII distribution in directly fixed cells became more diffuse with distinct enrichment in ruffles in 76% of cells (N = 34) versus 2% in untreated cells (N = 48). Similar, but less prominent redistribution of NMII toward the cell periphery was observed in cells treated with 75 mM blebbistatin ( Figure S1E ). However, NMII staining in blebbistatin- treated cells was largely lost after pre-extraction with detergent ( Figure 2D and S1D). Thus, cells treated with 100 mM or 75 mM blebbistatin retained, respectively, only 12.364.2% (N = 21 cells) and 16.864 .5% (N = 18) of the NMII immunoreactivity, as compared to untreated cells (10062.0%, N = 31).
Dissociation of NMII from the cytoskeleton may result from the detachment of intact bipolar filaments, because blebbistatin locks NMII in an ATP-bound state with weak actin-binding affinity, or from filament depolymerization, or both. To distinguish these possibilities, we performed gradient centrifugation of cytosolic fraction of cell lysates obtained from untreated or blebbistatintreated cells ( Figure S2B ). Probing the gradient fractions with NMII antibody showed that NMII species reproducibly separate into two peaks, one in the range of ,6S-10S, thus corresponding to NMII monomers [42] , and the other .16S, likely corresponding to NMII filaments [43] . The normalized amounts of NMII in both peaks were similar in untreated and blebbistatin-treated cells ( Figure S2B ) suggesting that blebbistatin causes both detachment of intact NMII filaments from the cytoskeleton and their depolymerization, so that the ratio between these two species remains roughly the same.
To determine the activation state of NMII in cells, we stained cells with antibodies recognizing MRLC mono-phosphorylated on Ser19 (p-MRLC) or MRLC double-phosphorylated on Thr18/ Ser19 (pp-MRLC). Neither antibody revealed obvious changes in the levels of MRLC phosphorylation after blebbistatin treatment ( Figure 3A and B) , similar to previous reports [44, 45] . Western blot analysis also showed roughly the same levels of pp-MRLC in total cell lysates of untreated and blebbistatin-treated cells ( Figure 3D ), whereas a significant loss of pp-MRLC was observed in the pellet fraction of blebbistatin-treated cells, as compared to untreated cells. Similar to total NMII, treatment with 100 mM blebbistatin caused dramatic redistribution of pp-MRLC, but not p-MRLC (not shown), from stress fibers to ruffles ( Figure 3A2C ) that was seen in 85% of cells (N = 26), as compared to 4% in untreated cells (N = 26). Such redistribution was not as prominent in cells treated with 75 mM blebbistatin ( Figure S1E ). When we probed the gradient centrifugation fractions with pp-MRLC antibody, we found that the lower peak of NMII had a greater level of immunoreactivity in blebbistatin-treated cells, than in untreated cells ( Figure 3E2G ). These results suggest that activated, but unpolymerized NMII molecules are present in the cytosol of untreated cells and that this active monomeric NMII pool is significantly increased is blebbistatin-treated cells.
Structural Organization of the Contractile System in Control Cells
To determine the mutual arrangement of NMII, focal adhesions, and actin filaments at high resolution, we stained detergent-extracted cells with vinculin antibody, imaged them by fluorescence microscopy, and then performed correlative EM of the same cells after immunogold labeling of NMII ( Figure 4A-G) . In control cells, flat lamellipodia and occasional ruffles were filled with dense dendritic network of actin filaments ( Figure 4E ), as in other cell types [46] . In the lamella, the cytoskeleton consisting of actin filaments, microtubules, and intermediate filaments was sparse immediately behind the lamellipodium, but became denser in more proximal regions ( Figure 4B and E), as in mouse embryo fibroblasts [47] . Correlative EM showed that mature focal adhesions, as expected, corresponded to the tips of straight stress fibers, or were located underneath thick transverse actin arcs ( Figure 4C , E, and G), which are commonly found in spreading cells and represent an intermediate stage during stress fiber assembly [21] . Focal complexes in the lamella colocalized with tips of small actin bundles that were not clearly recognizable by light microscopy, or with slightly denser actin networks, or with proximal regions of filopodial bundles ( Figure 4F ). Some focal complexes superimposed with the rear of the lamellipodial actin network.
Immunogold-labeled NMII was enriched in stress fibers and transverse arcs and also formed patches in the lamella ( Figure 4F and G), likely corresponding to clusters of NMII filaments [18] . Gold particles were usually absent in regions corresponding to focal adhesions or focal complexes, but could be seen at a distance from them ( Figure 4F and G). To see NMII filaments directly, we removed actin filaments by treating detergent-extracted cells with an actin-severing protein gelsolin [48, 49] . Bipolar NMII filaments in such preparations were recognizable by their dumbbell shape and the characteristic length of ,300 nm ( Figure 4H ). Immunogold staining confirmed their identity as NMII filaments ( Figure 4J ). In the proximal lamella, NMII filaments frequently formed large stacks of parallel NMII filaments that might be further connected into complex networks ( Figure 4H ). These NMII filament sets likely corresponded to stress fibers or transverse convex arcs. The peripheral lamella usually contained smaller NMII filament assemblies, such as clusters, stacks, chains and some individual NMII filaments.
Inhibition of NMII Disrupts Actin Cytoskeleton Organization
The organization of the contractile system described in the previous section allowed us to investigate structural aberrations caused by blebbistatin treatment. EM of cells treated with 75 mM blebbistatin revealed that the sparse zone at the lamellipodiumlamella boundary diminished or disappeared ( Figure S3A and B) . Instead, the relatively normal lamellipodial actin network seamlessly transformed into a remarkably uniform distal lamellar network lacking actin bundles. Interestingly, disappearance of the lamellipodia-lamella boundary in conditions of decreased cell adhesion has been predicted by mathematical modeling [50] . NMII immunogold labeling was greatly diminished in blebbistatin-treated cells, consistent with immunofluorescence data. Remaining gold particles in lamellae were typically uniformly scattered suggesting a loss of NMII filaments. The EM analysis of gelsolin-treated cytoskeletons ( Figure S3C and D) confirmed that very few NMII filaments remained after blebbistatin treatment. Notably, these filaments were isolated and did not form stacks or clusters.
After treatment with 100 mM blebbistatin ( Figure 5 ), the remaining ruffles and lamellipodia still contained dendritic actin network ( Figure 5C ), whereas numerous dorsal and peripheral filopodia contained an actin filament bundle ( Figure 5E ). The actin network in lamellae looked less uniform, than after treatment with 75 mM blebbistatin, possibly, because of significant cell collapse. The immunogold NMII staining was sparse and gold particles were either scattered or formed elongated clusters likely representing remaining NMII filaments ( Figure 5D ). Accordingly, a few single NMII filaments were detected in gelsolin-treated cytoskeletons ( Figure 5F and G). Interestingly, they were frequently associated with microtubules, as if being transported along them, as proposed in [51] . By correlative EM, we were not able to detect any specific actin filament arrangements at weak vinculin-positive sites ( Figure 5B and C). Thus, the EM analysis of blebbistatin-treated cells revealed disassembly of actin bundles and dissociation of NMII filaments from the lamellar cytoskeleton.
Dynamics of Cytoskeleton Reformation after Blebbistatin Washout
The acute recovery of the contractile system after removal of blebbistatin was first analyzed by time-lapse fluorescence microscopy of REF52 cells cotransfected with mCherry-actin and GFP-MRLC ( Figure 6 and Video S1). Since blebbistatin is photounstable [52, 53] , we kept cells in dark during blebbistatin treatments and began time-lapse imaging immediately (,1 min) after blebbistatin washout. At the onset of imaging, cells displayed vigorous lamellipodial protrusion, which continued for several minutes, then decreased and stabilized at a lower level by ,15 min of washout ( Figure 6A ). Actin bundles were first detectable as small arcs along concave cell edges after , 3-5 min of washout. They were frequently formed by merging of filopodial roots ( Figure 6B ). Straight stress fibers began to form a few minutes later from these concave arcs which moved retrogradely becoming thicker and straighter on the way ( Figure 6B ). Other bundles formed in the cell interior without obvious relation to lateral arcs.
The GFP-MRLC fluorescence at the beginning of blebbistatin washout was enriched in the peripheral cell processes and ruffles, whereas the cell body was relatively dim ( Figure 6A ). After washout, GFP-MRLC quickly moved away from the cell periphery and redistributed over the cell body. By 2-3 min of recovery, very little fluorescence remained in pre-existing processes. GFP-MRLC was also undetectable in newly formed lamellipodia. Instead, numerous GFP-MRLC puncta appeared in lamellae, especially in lateral concave actin arcs, and gradually formed more distinct lines corresponding to straight actin stress fibers ( Figure 6B ). By 15 min of washout, the overall pattern of actin and NMII distribution in most cells was roughly similar to that in untreated cells.
We also analyzed cells fixed at different time points after washout of 100 mM blebbistatin (Figure 7-9 ). Based on live cell imaging, we selected three time points: 1 min, when active lamellipodial protrusion begins; 5 min, when lamellipodia reach their maximal size and lateral concave actin arcs are formed; and 15 min, when the process of recovery is apparently completed. EM analysis of non-extracted cells demonstrated gradual transition from highly complex cell surface topography after 1 min of washout to smooth flat lamellipodia at the 15 min time point with an intermediate ruffling morphology after 5 min of recovery ( Figure 7A ). Phallodin staining also revealed quick restoration of lamellipodia already after 1 min washout ( Figures 1F and 7B ). Conversely, no significant change in phalloidin staining was seen in lamellae after 1 min of recovery, except for rare tiny arcs at some concave cell edges or bases of emerging lamellipodia. After 5 min of recovery, these arcs became more common and additionally, a few thin straight actin bundles appeared in lamellae ( Figure 7C ). These straight bundles became numerous after 15 min of recovery. Immunostaining with a-actinin ( Figure S4 ) confirmed robust recovery of lamellipodia soon after blebbistatin washout. However, a-actinin was still undetectable along the length of apparently normal stress fibers that were formed in cells undergoing recovery for 15 min. At this time point, a-actinin could be occasionally detected only at the tips of stress fibers, likely corresponding to mature focal adhesions ( Figure S4C ). Punctate distribution of a-actinin along stress fibers became apparent starting from ,1 hour after blebbistatin washout ( Figure S4D ) and acquired a distribution comparable to that in untreated cells by 4 h of washout.
Immunostaining of directly fixed (not pre-extracted) cells with NMII antibody showed that NMII fluorescence gradually disappeared from the cell periphery after blebbistatin washout and became distributed in the cytoplasm ( Figure S5 ). For better visualization of the cytoskeleton-associated NMII, we immunostained detergent-extracted cells at different time points after blebbistatin washout ( Figure 7 ). The intensity of cytoskeletonassociated NMII immunofluorescence increased slowly after blebbistatin washout. After 1 min, its level barely reached statistical significance (p = 0.047) compared to that in blebbistatin-treated cells. At later time points, the increase in the cytoskeleton-associated NMII fluorescence became statistically significant (p,0.0001), but approached control levels only by , 4 hrs after blebbistatin washout ( Figure 7F ). By visual inspection, NMII was still largely absent from the cytoskeleton after 1 min washout. Only infrequently, NMII can be seen in lateral concave arcs at 1 min time point ( Figure 7B ), but such localization became prominent by 5 min washout ( Figure 7C ). NMII spots also appeared in lamellae at 5 min time point, sometimes colocalizing with thin actin bundles. At 15 min, the pattern of NMII distribution already appeared largely normal despite its lower amount. Specifically, NMII clearly accumulated in straight stress fibers with an occasional striated pattern. Staining with the pp-MRLC antibody ( Figure 8 ) showed a gradual loss of fluorescence from lamellipodia with its concomitant increase in the lamella during recovery from blebbistatin treatment over a span of 15 min.
Staining with vinculin antibody (Figure 9 ) showed that multiple focal complexes were formed along the cell edge already after 1 min recovery. Many focal complexes were present along filopodia or microspikes or at the base of lamellipodia ( Figure 9A ). If concave arcs were present, focal complexes were usually located at their tips or along the length. At 5 min time point, peripheral focal complexes were still prominent, but many focal complexes also appeared in lamellae. The larger and brighter focal complexes usually colocalized with the tips of concave actin arcs ( Figure 9B ). By 15 min of recovery, mature elongated focal adhesions were found at the tips of straight stress fibers in lamellae ( Figure 9C ). At this point, some cells were indistinguishable from untreated cells, whereas other cells had less organized stress fibers and focal adhesions.
Together, the light microscopic analysis revealed that the early stages of the contractile system restoration involve quick and nearly simultaneous reformation of focal complexes, lamellipodia, and lateral concave arcs. It was followed by appearance of NMII accumulations in the concave arcs. The mature focal adhesions and straight stress fibers emerged from these precursor structures, but semi-sarcomeric patterns of NMII and a-actinin localization became visible only after 1 h of blebbistatin washout and was apparently complete by 4 h of recovery.
Structural Reformation of the Contractile System
EM was used to examine cells recovering from blebbistatin treatment at higher resolution. Already after 1 min washout of 100 mM blebbistatin (Figure 10 ), many lamellipodia were seen in the cells. The lamellipodium-lamella boundary was clearly demarcated by a region of the sparse cytoskeleton ( Figure 10A) . A small concave arc of long bundled actin filaments was frequently present at the base of lamellipodia, even though such arcs were not clearly visible by light microscopy at this time point Figure 10A-C) . The arcs terminated at the cell edge and were continuous with filopodium-like bundles ( Figure 10A ). Concave arcs were also found along the cell edges without lamellipodia ( Figure 10B ). They might represent even earlier stages of recovery. Correlative EM of cells subjected to vinculin immunofluorescence staining showed that focal complexes were frequently associated with filopodia and lateral concave arcs ( Figure 10A ). Concave arcs without lamellipodia usually associated with focal complexes only at their tips ( Figure 10B ), whereas arcs at the base of lamellipodia frequently overlapped with multiple focal complexes ( Figure 10A ). Focal complexes could also be seen at the base of lamellipodia without concave arcs. According to NMII immunoEM, gold particles were still quite rare after 1 min of recovery, even in concave arcs and roots of filopodia associated with focal complexes ( Figure 10D ). NMII filaments were also rare in gelsolin-treated cytoskeletons, where they localized individually or formed short chains ( Figure 10E and F) .
By 5 min of recovery ( Figure 11 ), lamellipodia became very broad and frequently contained internal filopodial bundles. Peripheral concave arcs became larger and localized deeper in the lamella (Figure 11B ), as compared to 1 min washout, and could be composed of several smaller bundles, some of which originated from filopodial roots. Other parts of lamella contained multiple thin straight bundles with predominant radial orientation (not shown). Individual filaments within all these bundles were long and spanned large distances. By correlative EM, vinculinpositive focal complexes often colocalized with filopodial roots and concave arcs, although they were also present in peripheral lamellae ( Figures 11C, E and S6 ) and under large transverse arcs in deep lamellar regions ( Figure 11B ).
ImmunoEM showed increased NMII accumulation in concave arcs ( Figure 11D ), straight bundles ( Figure S6 ), and some proximal filopodial roots ( Figure 11C and S6D) , whereas distal regions of filopodial bundles remained unlabeled, as typical for filopodia. Small clusters of gold particles were also scattered in lamella ( Figure 11C-E and S6C,D) . In gelsolin-treated cytoskeletons ( Figure 11F and G), chains of longitudinally connected bipolar filaments were a dominant feature of NMII organization. Some chains were relatively thick, suggesting lateral association of NMII filaments in addition to their longitudinal interaction. However, stacks of NMII filaments characteristic for control cells were not detected. As in blebbistatin-treated cells, NMII filaments or their chains were frequently bound to microtubules.
By 15 min of recovery, the cytoskeletal organization of cells was already largely similar to that of control untreated cells, but stress fibers were on average thinner and less abundant and mature focal adhesions were less frequent than in control cells (Figure 12 ). The main difference, however, was in the organization of NMII filaments in gelsolin-treated samples ( Figure 12D and E). NMII filaments still predominantly formed longitudinal chains, although thicker than after 5 min washout, but not stacks, suggesting that the formation of the contractile system was not finished at this time point. Together, these data show that recovery of lamellipodia, focal complexes, and lateral actin arcs precedes reformation of NMII filaments and that filopodial bundles and their derivatives, concave arcs, are the earliest structural precursors of the forming contractile system.
Actin Polymerization Contributes to Reformation of Lamellipodia and Stress Fibers
We used latrunculin A, an actin monomer-sequestering drug, to test whether actin polymerization is required for restoration of the contractile system after blebbistatin washout. As shown previously, low concentrations of latrunculin A inhibit lamellipodia in REF52 cells, but do not visibly affect stress fibers [35] . Here, treatment of control cells with latrunculin A (0.5 mM for 30 min) caused disappearance of lamellipodia and most focal complexes, whereas mature focal adhesions and large actin bundles were preserved ( Figure S7 ). Simultaneous treatment with 75 mM blebbistatin and 0.5 mM latrunculin A caused loss of both lamellipodia and focal complexes in cells, similar to effects of 100 mM blebbistatin alone ( Figure S7A ). After washout of blebbistatin in the presence of latrunculin A ( Figure S7B ), no significant lamellipodium formation was observed up to 15 min of recovery. Importantly, focal complexes appeared all over the cell only 15 min after washout simultaneously with very thin actin bundles, indicating a severe delay in the contractile system recovery in the absence of actin polymerization.
Discussion
In this study, we used the blebbistatin treatment-and-washout approach to investigate structural mechanisms of the contractile system assembly and the roles of NMII in this process. Although blebbistatin is usually considered as a specific inhibitor of NMII in nonmuscle cells, it should be noted that not all members of the huge myosin superfamily have been tested regarding their sensitivity to blebbistatin, leaving a possibility that other myosins may be also sensitive to blebbistatin. Therefore, although the effects of blebbistatin observed in this study most likely result from inhibition of NMII, we cannot completely exclude a possibility of involvement of other myosins. Although a relatively high blebbistatin concentration of 100 mM may cause a concern regarding specificity of its effects, our results with inactive enantiomer of blebbistatin argue against grossly adverse effects of the drug. Notably, the same 100 mM concentration has been also widely used by many labs [19, 26, 28, 29, 30, 31, 32, 33, 54] . The need for high blebbistatin concentration to achieve complete inhibition of NMII in vivo, as compared to in vitro experiments, may be explained by the fact that blebbistatin has high affinity for ATP-bound NMII and much lower affinity for ADP-NMII [55] , whereas NMII has high ADP affinity and slow ADP release, especially under load [56] . Therefore, the slow-cycling NMII species that generate isometric tension in established stress fibers may be less sensitive to blebbistatin. Accordingly, REF52 cells that have a robust stress fiber system are relatively resistant to blebbistatin treatment, especially when it concerns thick lateral or posterior stress fibers. However, many of the dramatic effects of 100 mM blebbistatin begin to develop at a lower (75 mM) concentration, suggesting quantitative, but not qualitative differences between these conditions. Our results showed that (1) a blebbistatin-sensitive myosin, most likely NMII, functions in the formation of lamellipodia and focal complexes; (2) activated, but unpolymerized NMII accumulates at the cell periphery in the absence of NMII motor activity; (3) the soluble pool of activated NMII stimulates formation of focal complexes before visibly assembling into bipolar filaments; (4) filopodial bundles and concave arcs are preferential sites for the initial formation of focal complexes and assembly of NMII bipolar NMII immunogold labeling. (G) Enlarged red box from F. Arrowheads point at few remaining NMII filaments labeled with gold particles (white dots). filaments; (5) stress fiber formation proceeds in parallel with the assembly of NMII bipolar filaments that occurs in association with anchored actin bundles; and (6) recruitment of a-actinin and development of the semi-sarcomeric pattern in stress fibers is the last and slow step of the contractile system assembly. We discuss these points below.
Focal Complexes and Lamellipodia Depend on each Other and NMII
NMII is a well-recognized key player during formation of stress fibers and maturation of focal adhesions. However, we observed here that focal complexes and lamellipodia are also inhibited by blebbistatin and recover in a coordinate manner after drug washout, suggesting that these structures also depend on NMII activity. This idea is supported by other studies that have shown dependence of focal complexes on the cross-linking activity of NMII [10] , and inhibition of protrusions [26, 57, 58, 59 ] and increased ruffling [29] after blebbistatin treatment [29, 58, 59] , or RNAi-mediated knockdown of NMIIB [26] or NMIIA [59] , or in NMIIB knockout neurons [57] . Since lamellipodia and focal complexes sustain in the presence of a lower blebbistatin concentration, albeit at a lower level, a small amount of NMII activity may be sufficient for their maintenance. This point, as well as activation of Rac upon NMII inhibition [60, 61] , may explain preservation of lamellipodia after NMII inhibition observed in some studies [28, 40, 41, 60, 62, 63, 64] . Indeed, knockdown techniques do not achieve complete elimination of NMII and the knockout approach is complicated by the presence of three isoforms of the NMII heavy chain, two of which, NMIIA or NMIIB, are broadly expressed [3] , while double knockouts of NMIIA and NMIIB have not been reported to our knowledge. The early embryonic lethality of mice with the individual knockout of NMIIA or NMIIB [65, 66] , probably, precludes generation of double knockouts. Although we cannot completely exclude a possibility that another blebbistatin-sensitive myosin is responsible for inhibition of lamellipodia and focal complexes, somewhat similar observations of inhibited cell spreading and protrusive activity after targeted depletion of individual NMII isoforms [26, 57, 59, 60] argues for at least partial role of NMII in these functions.
The presence of the dendritic actin network in ruffles of blebbistatin-treated cells indicates that actin polymerization still occurs, albeit at a lower level, but protrusions cannot attach, suggesting that NMII may support lamellipodia by stimulating the formation of focal complexes (or even nascent adhesions), which then provide traction for lamellipodia [16, 67] . NMII may stimulate focal complexes by activating mechanosensitive molecules in adhesions, as during focal adhesion maturation [4] , but at a much lower, possibly, even single-molecule scale. Since actin polymerization also contributes to adhesion initiation ( [10, 15, 16] and this study), a polymerization-driven component of the retrograde flow [68, 69] may also stimulate focal complexes, supposedly, by applying a drag on adhesion receptors. Relative contribution of actin polymerization and NMII activity to retrograde flow varies among cell types, providing another potential explanation of variable sensitivity of their focal complexes and lamellipodia to NMII inhibition in different cells. Thus, lamellipodia of fish keratocytes may sustain treatment with 100 mM blebbistatin [70, 71] , because their powerful actin polymerization machinery exerts sufficient drag on mechanosensors to induce adhesions. In contrast, REF52 cells have relatively weak lamellipodial activity, which likely makes their focal complexes highly dependent on NMII.
Accumulation of Activated Unpolymerized NMII at the Cell Periphery
NMII is typically not detected in lamellipodia. NMII filaments normally begin to form in lamellae, well behind the lamellipodia, and subsequently undergo retrograde flow gradually coalescing into large assemblies [17, 18] . This fact inspired an idea that NMII molecules should be activated in the lamella, where they would immediately polymerize into filaments and start functioning as contractile devices. However, our current data suggest that this model should be revised. Indeed, when the actin-binding and motor activities of NMII are blocked by blebbistatin, the pp-MRLC-bound form of NMII accumulates at the cell periphery suggesting that activation by MRLC phosphorylation occurs close to the leading edge, rather than in the lamella. This idea is attractive because the plasma membrane is a common place to recruit various regulators, whereas it is not so easy to imagine which structure(s) might recruit NMII activators in the lamella. The lack of NMII enrichment in lamellipodia of untreated cells suggests that NMII leaves protrusions shortly after MRLC phosphorylation in a motor-or actin-binding dependent manner. Consistent with this idea, we observed that GFP-MRLC quickly moves out of protrusions after blebbistatin washout. Although restored motor activity is expected to drive NMII toward the membrane, a faster actin retrograde flow may produce its net rearward drift. Notably, enrichment of NMII [72] and pMRLC [26, 73] has been also detected in ruffles of actively protruding cells, supporting our hypothesis of the transient presence of NMII in protrusions.
Soluble Pools of Activated NMII Promote Focal Complex Formation and Lamellipodial Protrusion
We found that a large fraction of NMII in blebbistatin-treated cells exists in a monomeric, yet MRLC-phosphorylated form, suggesting that NMII filament polymerization is inhibited in these conditions despite ongoing MRLC phosphorylation. Furthermore, our data show that focal complexes and lamellipodia begin to recover after blebbistatin washout before a significant increase in the cytoskeleton-associated pool of NMII and detectable formation of NMII filaments. These findings suggest that a soluble pool of active NMII is sufficient for the initial recovery. At present, we cannot distinguish whether this activity belongs to activated NMII monomers that become enriched in blebbistatin-treated cells or to small oligomers that are quickly formed after blebbistatin washout, while remaining soluble. However, the enrichment in lamellipodia of molecules that negatively regulate NMII polymerization at the heavy chain level [58, 72, 74, 75] favors the former possibility. Indeed, in combination with our hypothesis that NMII may be activated by MRLC phosphorylation in protrusions, these data suggest that active NMII monomers should be a dominant, but transient, population of NMII in lamellipodia. Although activated NMII monomers are enriched in blebbistatin-treated cells, they are also present in untreated cells, suggesting that they may have specific functions in normal conditions. Accordingly, monomeric NMIIA has been shown to stimulate secretion of lytic granules in natural killer cells [76] . Together, these data suggest that monomeric motor-active NMII may be a genuine functional species in cells, thus contrasting the general assertion that NMII functions exclusively in the form of bipolar filaments.
The exact mechanism of how unpolymerized NMII can stimulate focal complex formation remains to be fully understood. Most likely, this mechanism involves generation of small traction forces [16] that would stabilize very dynamic nascent adhesions and transform them into focal complexes [10] . For example, by physically interacting with phospholipids [77] or integrins in an actin-independent manner [78] , NMII can generate small traction forces during leading edge protrusion. Alternatively, monomeric NMII may use its two heads to exert stress on adhesion receptors by cross-linking or pulling on attached adjacent actin filaments [10, 79] .
Tension-dependent Polymerization of NMII Filaments
After blebbistatin removal, NMII quickly leaves protrusions with the retrograde flow, and slowly, but steadily polymerizes into bipolar filaments in the lamella. Initiation of NMII polymerization in the lamella may be explained by release from the inhibitory heavy chain regulation existing in lamellipodia. However, the NMII filament assembly in lamella is not uniform, but shows a preference for filopodial bundles and lateral concave arcs, suggesting a positive regulation at these locations. Since filopodial bundles and concave arcs showed preferential association with focal complexes at the earlier stage of the recovery, they should provide greater resistance to NMII-mediated pulling force and thus be under greater tension. Therefore, we interpret preferential assembly of NMII filaments in association with these actin bundles as a tension-dependent process. It is analogous to the previously reported tension-dependent accumulation of NMII at the strained sites on the Dictyostelium plasma membrane [80, 81] or in the epithelial layer of Drosophila embryos [82] . In these studies, it was hypothesized that NMII assembly is regulated by tensiondependent MRLC phosphorylation. However, this hypothesis is not supported by the data that the level of MRLC phosphorylation remains the same ( [44, 45] and our study), or even increases [83, 84] , in the presence of blebbistatin. A more likely explanation is based on the finding that myosin II has a preference for binding stretched conformation of actin filaments relative to relaxed filaments [85] . NMII binding to particular subsets of actin filaments may also be enhanced by specific tropomyosin isoforms [22] .
We speculate that long actin filaments in filopodial bundles have more chances to capture several NMII molecules, which would collectively exert enough force to induce focal complexes in association with these bundles. The resistance of focal complexes, in turn, generates stretched filaments, which would capture even more NMII molecules due to increased affinity. A high local concentration of NMII molecules on these bundles can then promote bipolar filament assembly at the sites of increased tension. Lateral concave arcs located at the base of a lamellipodium may additionally experience dragging forces from the retrogradely flowing actin network, which would contribute to generation of focal complexes, tense filaments, and NMII polymerization. At the later stages of recovery from blebbistatin, focal complexes and thin nascent stress fibers also appear in the lamellar interior, possibly, following a similar tension-dependent mechanism when activated NMII molecules arrive to these locations. Although a significant fraction of soluble NMII in blebbistatin-treated cells is present in the filamentous form, our data are not consistent with an idea that detached bipolar filaments simply rebind the actin cytoskeleton after washout of the drug, because in such case, we would observe very fast recovery of NMII association with the cytoskeleton and appearance of numerous NMII filaments in the EM samples. Instead, our results indicate that NMII filaments are likely assembled from available activated monomers, as also shown for tension-dependent myosin accumulation in Dictyostelium [80] .
Tension-dependent assembly of NMII filaments suggests that upon relaxation, such as in the presence of blebbistatin, this loaddependent regulation might conversely cause disassembly of unloaded filaments. Consistent with this idea, we found that partial depolymerization accompanies detachment of NMII filaments after blebbistatin treatment, so that the ratio between monomeric and polymeric NMII pools remains unchanged, as compared to untreated cells. If NMII solubilization occurred only through detachment of intact NMII filaments, we would have observed an increased filament-to-monomer ratio in the cytosols of blebbistatin-treated cells.
Thus, we propose a two-step mechanism of NMII activation. In the first step, NMII is activated in protrusions by MRLC phosphorylation, but its polymerization is locally inhibited by heavy chain regulators. In the second step, polymerization of activated NMII is allowed in the lamella and promoted by a tension-dependent mechanism. This idea significantly revises the current belief that MRLC phosphorylation and NMII filament assembly occur simultaneously.
Assembly of the Mature Contractile System
By investigating the assembly of the contractile system virtually from scratch, we have determined that filopodial bundles and concave arcs made of filopodial roots are the earliest stress fiber precursors. Previous studies on the stress fiber assembly under normal culture conditions also showed that stress fibers originate from leading edge protrusions, filopodia [19, 20] or lamellipodia [21, 22] , and this process frequently involves intermediate formation of large transverse arcs [21, 86] . Here, we additionally provide high resolution structural information about the contractile system assembly at the level of individual filaments. Thus, our EM data show that even the youngest stress fibers are composed of long actin filaments that span large distances along the length of the stress fiber equivalent to several semi-sarcomeric units. Considering the origin of stress fibers from filopodial bundles, the presence of long filaments is not particularly surprising. However, this finding is not consistent with a model suggesting that stress fiber formation occurs by endwise association of short actin bundles [21, 22] . Possibly, light microscopic images lacking sufficient resolution were mis-interpreted in these studies, or cells can use different mechanisms depending on physiological conditions. Our data also reveal that the semi-sarcomeric pattern of alternating NMII and a-actinin stripes [18] forms very late in the course of the stress fiber reformation after blebbistatin washout. Specifically, normally sized stress fibers associated with apparently mature focal adhesions are formed within minutes after blebbistatin washout. However, these fibers lack a-actinin and contain NMII filaments as continuous chains, instead of discontinuous stacks, whereas the formation of a semi-periodic arrangement of NMII and incorporation of a-actinin into stress fibers takes hours after blebbistatin washout. A delayed recruitment of a-actinin, as compared to NMII, after blebbistatin washout was also observed in U2OS cells [87] . In contrast, constitutive formation of stress fibers in the same cell type involves immediate development of the semiperiodic NMII pattern and incorporation of a-actinin [21, 22] . This difference may be explained by the presence of pre-existing structures in untreated cells that could promote early maturation of stress fibers. However, disassembly of the pre-existing contractile system by blebbistatin helped us to reveal that the process of stress fiber formation includes a maturation step that is separate from and subsequent to the initial assembly of stress fibers.
Conclusion
Based on our results, we propose a model for the mechanism of contractile system assembly and the role of NMII in this process ( Figure 13 ): (1) NMII molecules become activated by double phosphorylation at the leading edge. (2) While still in the monomeric form, they generate small traction forces in lamellipodia that stabilize nascent adhesions and promote their transition to focal complexes. This transition is favored at sites of greater mechanostimulation, such as filopodial bundles or lamellipodial bases. Stabilized nascent adhesions and focal complexes allow for sustained lamellipodia protrusion, which in turn supports constant production of new nascent adhesions. (3) Greater resistance of focal complexes to the NMII-generated pulling force activates load-dependent mechanism of NMII polymerization leading to assembly of NMII bipolar filaments at the sites of high tension, namely, along actin filaments attached to focal complexes. (4) NMII filaments exert greater forces than individual NMII molecules and promote maturation of focal complexes to focal adhesions. The increasing number of NMII filaments cross-links and aligns disordered actin filaments into bundles producing nascent stress fibers. However, additional events are needed for the stress fiber maturation that leads to the formation of semisarcomeric pattern and incorporation of a-actinin.
Materials and Methods

Reagents and Constructs
Working concentrations of (2)-and (+)-Blebbistatin (Toronto Research Chemical Inc.) were prepared from 10 mM stock in DMSO. Latrunculin A (Calbiochem) was prepared from 2 mM stock solution in DMSO. Fluorescently labeled phalloidin was from Molecular Probes. The following primary antibodies were used: mouse monoclonal a-actinin (Cytoskeleton), mouse monoclonal vinculin (Sigma), rabbit polyclonal NMII from bovine spleen [88] , rabbit polyclonal mono-(Ser19) or double-(Thr18/ Ser19) phosphorylated MRLC (Cell Signaling Technology, a gift from Dr. C. Chen, University of Pennsylvania). Secondary fluorescently labeled antibodies were from Molecular Probes or Jackson Laboratories. GFP-MRLC [89] was a gift of Drs. T.L. Chew and R. Chisholm (Northwestern University) and mCherryactin was described previously [90] . All other reagents were from Sigma unless indicated otherwise.
Cell Culture and Light Microscopy
REF52 rat embryo fibroblasts [18] were cultured in DMEM supplemented with 10% FBS and antibiotics at 37uC and 5% CO 2 . For blebbistatin treatment, cells were plated on glass coverslips and allowed to spread for 30 min; then blebbistatin was added and cells were cultured for additional 2 hours. For washout experiments, after 2 h incubation with blebbistatin, cells were transferred to fresh blebbistatin-free medium, incubated for various periods of time, and fixed.
For fluorescence staining, cells were quickly rinsed with PBS and fixed with 4% paraformaldehyde in PBS either directly or after pre-extraction with 1% Triton X-100 in PEM buffer (100 mM PIPES-KOH, pH 6.9, 1 mM MgCl 2 , and 1 mM EGTA) optionally containing 2% polyethelene glycol (PEG) (MW 35,000) and 2 mM phalloidin. Directly fixed samples were permeabilized with 0.1% Triton X-100 in PBS before staining. For costaining of F-actin, labeled phalloidin was added to the secondary antibody solution. Light microscopy was performed using Eclipse TE2000-U inverted microscope (Nikon) equipped with Plan Apo 10061.3 NA objective and Cascade 512B CCD camera (Photometrics) driven by Metamorph imaging software (Molecular Devices).
For time lapse video microscopy, cells were cotransfected with mCherry-actin and GFP-MRLC using Lipofectamine LTX supplemented with PLUS Reagent (Invitrogen). Transfected cells were plated onto 35 mm glass-bottomed dishes in phenol red-free L-15 medium (Gibco) supplemented with 10% FBS. Dishes were immobilized on the microscope stage to prevent movements during subsequent medium exchanges, and kept at 34uC during cell spreading and observation. An expressing cell was found after 1.5-2 hours of spreading, single images were acquired in DIC, red, and green channels and the medium was exchanged to one containing 100 mM blebbistatin. After 1 h incubation in dark, the blebbistatin-containing medium was replaced with normal medium after double wash, and time lapse imaging was started within 1 min after wash using Eclipse Ti inverted microscope (Nikon) with Plan Apo 10061.4NA objective and Hamamatsu ORCA ER CCD camera (Hamamatsu Photonics, Japan) driven by NISElements AR software (Laboratory Imaging, Czech Republic).
Quantification of protrusions was performed on phalloidinstained cells. Lamellipodia and ruffles were identified by their peripheral localization and increased fluorescence relative to the adjacent lamella (, 20-30% increase for lamellipodia and .30% increase for ruffles). The lengths of lamellipodia or rufflecontaining segments of the cell perimeter were measured using ImageJ software and expressed as percentage of the cell perimeter for each individual cell). At least 30 cells were used per condition.
For quantification of the cytoskeleton-associated fraction of NMII, the total fluorescence intensity of NMII immunostaining in detergent-extracted cells was measured after background subtraction using Metamorph imaging software (Molecular Devices). The data were expressed as percentage of fluorescence intensity of control untreated cells from the same experiment. At least 25 cells were used per condition. The pp-MRLC fluorescence intensity profiles along the ,9 nm lines drawn from the cell periphery toward the center were obtained from immunostained cells using the linescan tool in Metamorph. At least 30 linescans from 10 cells were used per condition. Microsoft Excel software was used for statistics and plot generation.
Electron Microscopy
Samples for platinum replica EM, correlative light and EM, gelsolin treatment, and NMII immunogold staining were processed as described previously [49, 91, 92, 93] . Extraction solution contained 1% Triton X-100, 2% PEG (MW 35,000), 2 mM unlabeled phalloidin, and 2 mM paclitaxel in PEM buffer. For determination of cell surface topography, the extraction step was omitted. Secondary antibody conjugated with 12 nm or 18 nm colloidal gold (Jackson Immunoresearch Laboratories Inc.) were used for NMII immunostaining. For gelsolin treatment, detergentextracted unfixed cells were incubated with 0.4 mg/ml gelsolin (gift of Dr. A. Weber, University of Pennsylvania). For immunogold NMII staining of gelsolin-treated samples, cells were incubated with the primary antibody in PEM buffer for 15 min after gelsolin treatment, rinsed in PEM and fixed.
Samples were analyzed using JEM 1011 transmission EM (JEOL USA, Peabody, MA) operated at 100 kV. In experiments involving non-correlative EM, dozens of cells per sample were analyzed to evaluate the generality and variability of a phenotype. For experiments with correlative EM, the conclusions were derived based on analysis of 5-10 cells. Images were captured by ORIUS 832.10W CCD camera (Gatan, Warrendale, PA) and presented in inverted contrast. Identification of gold particles in replica EM samples was performed at high magnification after contrast enhancement to distinguish them from other bright objects in the samples, such as actin filament tips. Thus, gold particles showed up as solid white circles in contrast to actin filament ends, which usually have a donut-like appearance. Overlaid images were prepared using Adobe Photoshop by placing the fluorescence image as a separate layer in a screen mode on the top of the replica EM image. Gold particles were highlighted using brush tool in Adobe Photoshop with 50% opacity. Color labeling of other structures of interest was performed using Hue/Saturation tool in Adobe Photoshop to avoid obscuring the structural details.
Gradient Centrifugation and Western Blotting
Cells were grown in 60 mm Petri dishes overnight in a regular medium and either left untreated or were treated for 2 h with 100 mM blebbistatin. Then, cells were incubated for 10 min on ice with 200 ml of lysis buffer containing 20 mM HEPES (pH 6.9), 150 mM KCl, 1 mM DTT, 0.5% Triton-X100, and 1% Phosphatase Inhibitor Cocktail 3 (Sigma), and after incubation scraped off the dish into the same solution. The lysates were centrifuged at 68,000 rpm for 15 min in TLA100.2 rotor (Beckman) to remove detergent insoluble fraction. The total protein concentration in the supernatant was determined using Bradford method and equalized for control and blebbistatin-treated samples. The lysates were overlaid onto a discontinuous gradient of OptiPrep Density Gradient Medium (Sigma) in the lysis buffer consisting of 50%, 25%, 12%, and 6% layers. After centrifugation at 80,000 rpm for 60 min, 11 fractions (from top to bottom) were collected from each tube and mixed with the SDS-containing sample buffer (Invitrogen). All operations were carried out at 4uC. For Western blotting, proteins were separated by SDS-PAGE using 3-8% gradient gels (Invitrogen) for staining with the heavy chain NMII antibody or using 12% gel for staining with pp-MRLC antibody. After transfer to PVDF membranes, proteins were stained using appropriate primary antibodies and a secondary horseradish peroxidase-conjugated antibody and detected by ECL Prime Western Blotting Detection Reagents (Amersham). Quantification of the band density was performed by densitometry analysis. Figure S1 Effects of 75 mM blebbistatin on cell morphology. (A) Cell surface topography revealed by platinum replica EM of non-extracted cell. Scale bar, 2 mm. (B-E) Fluorescence microscopy of phalloidin-stained F-actin and immunostained a-actinin (B), vinculin (C), NMII in pre-extracted cells Figure 13 . Model for NMII functions during contractile system assembly. (1) NMII activation: Inactive NMII molecules diffuse to lamellipodia, where they are activated by double phosphorylation of MRLC. (2) Focal complex formation: Active unpolymerized NMII molecules bind actin filaments in lamellipodia and undergo the retrograde flow with them. If two NMII heads bind different actin filaments, one of which is anchored to a nascent adhesion, the resulting strain stabilizes the nascent adhesion and promotes its transformation to a focal complex. Long filaments in filopodia can encounter more NMII molecules increasing a probability of focal complex formation under filopodial bundles. (3) Assembly of NMII filaments: NMII molecules pulling on actin filaments attached to focal complexes experience a greater load, which triggers tension-dependent NMII polymerization at these sites. (4) Stress fiber formation: Multivalent NMII filaments exert large forces sufficient to promote maturation of focal complexes to focal adhesions. They also cross-link and align disordered actin filaments into bundles producing stress fibers. However, additional events, such as recruitment of a-actinin, are needed for the formation of semi-sarcomeric pattern in stress fibers. 
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